presented in a gradient or in stepwise discontinuous
In the present study, we report that in the avian emenous ephrin receptors (Krull et al., 1997) had no effect on segmental NC migration. Along this line, deletion of bryo, F-spondin mRNA and protein are expressed in somite regions avoided by migrating NC cells. Consisthe ephrin-B2 gene might show no apparent defects of segmentation of neural crest cells (Wang et al., 1998) . tent with these patterns, overexpression of the molecule inhibits NC migration into the somite. Furthermore, speAltogether, available evidence suggests that spatial patterning of NC cell migration is extremely complex and cific neutralization of endogenous F-spondin allows the cells to migrate into otherwise inhibitory domains. Taken is therefore likely to involve a number of interacting molecules of different classes.
together, we suggest that F-spondin is an important component of the molecular complex regulating both The and Hamilton, 1951) ( Figure 1A ). As somitogenesis proage revealed rostrocaudal and dorsoventral variations in F-spondin expression similar to those exhibited by ceeded, F-spondin mRNA expression appeared homogeneously distributed throughout the extent of the rosmore caudal somites (data not shown and see Figure 4 for protein profile). tralmost 9-11 somite pairs and in the notochord ( Figure  1B ). From this stage onward, each somite pair that had Localization of F-spondin protein was performed by immunocytochemistry with the R5 polyclonal antibody segmented from the paraxial mesoderm clearly revealed a more prominent F-spondin signal localized to its caudirected against the spondin domain of the molecule (amino acids 238-440). This antibody recognizes the dal part ( Figures 1B and 1C) .
Analysis of serially sectioned 26-to 28-somite-old recombinant and the endogenous F-spondin proteins (Burstyn-Cohen et al., 1998) and was found suitable for embryos following whole-mount in situ hybridization further revealed interesting patterns of F-spondin localizaimmunolocalization on chick but not quail tissues, where a high level of nonspecific reactivity was observed. Untion in the dorsoventral extent of the somites. At the epithelial stage, the signal was apparent throughout the like expression of mRNA, which was detected from early somitogenesis, an initial signal with the F-spondin antisomite, stronger in the CS when compared with the RS, and already at this stage, it was somewhat enhanced body became visible in embryos (age 14 to 17 somite pairs) in which the protein was restricted to the mesenin the ventral part of the somite in both halves ( Figures  1D and 1E ). Upon dissociation into sclerotome and derchyme of the head region (data not shown). From 18 somite pairs onward, immunostaining became apparent momyotome, significant differences both in pattern and intensity became evident. In both somitic domains, in the somitic mesoderm along the entire axis. Figure 2 summarizes the main patterns of expression of F-spon-F-spondin mRNA was expressed in the sclerotome and dermomyotome ( Figures 1F and 1G) . Sclerotomal exdin protein as a function of somite development. At the epithelial stage, expression was associated with the pression was very intense in the paranotochordal mesenchyme and decreased in strength toward dorsolateral ECM surrounding the somites as well as in the central lumen. Weaker staining delineating the surface of indiportions of the sclerotome. Whereas the overall gradient-like pattern was maintained in both RS and CS moievidual cells in the epithelium was also apparent ( Figure  2A ). This result suggests that most of the F-spondin ties, the intensity of the message was very high in the CS domains when compared with the RS. In the latter, synthesized in the somitic epithelium (Figure 1 ) has been secreted from the cells and has been incorporated into the major mRNA signal concentrated in a ventromedial position on both sides of the notochord. Dermomyotothe ECM. At the intermediate stage of somite dissociation, the mesenchymal cells of the nascent sclerotome mal expression was confined to the basal part of the epithelium and was slightly more intense in the CS than became surrounded by F-spondin immunopositive product ( Figure 2B ). Upon full dissociation, striking differin RS (Figures 1F and 1G) . The cervical level somites, which until the tenth somite stage showed a homogeences were apparent both in the rostrocaudal and the dorsoventral domains of each somite that were fully neous rostrocaudal pattern of F-spondin signal (see Figure 1B) , were fully dissociated by 28 somites and at this consistent with the patterns of mRNA expression. Within the RS domain, F-spondin protein was mainly concenaspect of the neural tube underneath the dermomyotome epithelium ( Figure 3B ). Migration occurred through trated in the ECM at the ventromedial portion of the sclerotome, next to the notochord, and faded away coma region devoid of significant F-spondin signal (Figures 3A and 3C). As described above, in the rostral domains, pletely toward dorsolateral regions ( Figures 2C and 3A) , whereas in the CS halves, the entire sclerotome was the protein was found to concentrate in the paranotochordal mesenchyme and dermomyotome (Figures 3A strongly immunopositive ( Figure 2D ). In both domains, the dermomyotomal epithelium and the subectodermal and 3C). As expected, no HNK-1-positive cells could be detected within the CS domain ( Figure 3E ), which ECM expressed the protein, with higher intensity in the CS. Interestingly, the myotomes were always negative exhibited widespread F-spondin immunoreactivity (Figures 3D -3F and see also Figure 2D ). as well as the notochord itself and the neural tube epithelium ( Figures 2C and 2D) .
A similar exclusive pattern of F-spondin and HNK-1 immunoreactivities was observed along the axis comprising more advanced stages of NC cell migration and organogenesis. At the vagal level, NC cells had migrated Neural Crest Cells Migrate through F-Spondin-Free Regions into the prospective DRG and sympathetic ganglion anlage, which are devoid of F-spondin ( Figures 4A-4C ). The striking differences detected in the expression patterns and intensity at both mRNA and protein levels Interestingly, prospective Schwann cell precursors that localized close to the lateroventral portion of the neural between the RS and CS suggested that a reciprocal pattern exists between the regions of F-spondin exprestube, as well as some ventrally migrating cells presumably on their way to the dorsal aorta, were observed sion and those invaded by migrating NC cells. This is because NC cells avoid the CS domains, which express bordering the periphery of the main F-spondin-positive region, the paranotochordal sclerotome (Figures 4A-F-spondin over the whole sclerotome and dermomyotome, and because in the RS, NC cells migrate through 4C). In this borderline sclerotomal area, F-spondin signal was weak compared with more ventromedial areas, due a pathway delimited on one side by the paranotochordal sclerotome and on the other by the dermomyotome, to either a lower signal expressed around each mesenchymal cell (owing to a ventrodorsal gradient of intentwo regions that are also F-spondin-positive. To directly test this possibility, serially sectioned embryos (age 25 sity) or alternatively, a lower density of sclerotomal cells expressing the protein in their surrounding ECM. A simito 30 somite pairs) were double stained with F-spondin antibodies and with the HNK-1 marker, which recoglar behavior was observed for another subset of NC cells that migrated to the primitive gut wall, where they nizes migrating NC cells and most of their derivatives.
The first NC cells to enter the RS domain of the reassociated with the splanchnopleural mesenchyme. In this region, the NC cells were also noticed along the cently dissociated somite had migrated from the dorsal Figure 7E ) and, in addition, invading precociously the subectodermal space (curved in detail in several R2-injected embryos. To this end, we monitored the number of individual sections per somite arrows in Figures 7C, 7E, and 7F) . The latter path becomes normally permissive to migration of melanocyte that contained a DRG, over nine or ten consecutive segments per embryo constituting the injected segprecursors only 24-30 hr later following dissociation of the dermomyotome into dermis (see Introduction). Furments, and two additional somites located both rostrally and caudally. The segmentation at the level of the DRG ther ventrad within the rostral sclerotomal domain, the area of distribution of the migrating NC cells appeared was partially distorted, as sensory ganglia were still detected in the CS regions rather than being reduced to broader and cell orientation was disorganized when compared with the precisely patterned migration of the a simple root (Table 2 
Figure 5. Effect of Added F-Spondin on the Migration of NC Cells into the Somites in Whole-Trunk Preparations (A-D) Confocal microscopy images scanned along the dorsalmost 30 m of the neural tube (NT) of control (A and B) and F-spondin-treated (C and D) trunk explants. (A) and (C) represent HNK-1 immunostaining only; in (B) and (D), the HNK-1 signal is overlayed onto phase contrast images. (E-H) Transverse sections through explants of control (E and F) or F-spondin-treated (G and H) fragments. Note in all controls

and Figures 7J-7M). Whereas the average proportion of sections with a DRG in control cells in control embryos (Figure 7, compare [D] with [E] and [F] and [G] with [H] and [I] for advanced migratory
embryos ranged between 60.5% and 65.8% of total sections per somite (n ϭ 3 embryos), the mean percentage and early organogenetic stages, respectively). Moreover, in contrast to the normal situation in which NC cells of sections with a noticeable ganglion in antibodytreated embryos increased to 92.2% to 96.1% (n ϭ 4 avoid the paranotochordal sclerotome by circumventing the region (Figures 4C, 7D , and 7G), F-spondin neutralembryos), a 50% average enlargement of RS properties at the expense of the CS (Table 2 ; p Ͻ 0.0001). ization enabled invasion of this otherwise inhibitory mesenchyme by the migrating NC cells, which thus apConsistent with the partial loss of segmentation of the DRG, the percentage of total sections per segment proached the notochord ( Figures 7E, 7F, 7H, and 7I ). Of note is that each embryo showed virtually all of the containing a well developed ventral root within the sclerotome (see Figure 7G ) was increased from 53.4% to above described phenotypes.
F-spondin neutralization also had noticeable effects 60.2% in controls (n ϭ 3 embryos) to 71.6 to 78. enlargement of the ventral root into the CS territory (Taexpression in the rostral domains of the above mentioned cranial somites is likely to be downregulated upon ble 2; p Ͻ 0.0001). This effect was similar, yet less pronounced than the loss of DRG segmentation. Thus, dissociation, as at later stages, similar differential patterns are observed in the sclerotomes along the axis. F-spondin neutralization caused an enlargement of properties that characterize the RS domain at the exWhether these initial axial-level differences are related to intrinsic inequalities in the identity of cervical versus pense of CS properties. Taken together, the results of in ovo neutralization of F-spondin suggest that this inmore caudal somites remains to be clarified. Interesting as well are the observed differences behibitory protein is sufficient to channel the patterned migration of NC cells through defined pathways in the tween the appearance of mRNA expression and protein immunoreactivity. While the former coincides with the RS domain, whereas it also mediates, at least partly, the inhibition exerted by the CS halves of the somites.
2% in the antibody-treated cases (n ϭ 4), a 32% average on the migration of NC cells into the CS domains, which (E and F) The following abnormal phenotypes are apparent in embryos treated with F-spondin antibodies: entrapping of NC cells between the dermomyotome and myotome (M) (open arrowhead in [E]), NC cells crossing the dermomyotome epithelium (arrowhead in [F] and see also [C]), precocious presence of NC cells underneath the ectoderm (curved arrows in [E] and [F] and see also [C]), and a disoriented distribution of NC cells within the sclerotome, including cells approaching the notochord (NO) (small arrows). (G-I) An early postmigratory stage of NC cells. (G) Somite level 23 of a 38-somite-stage control embryo showing a highly patterned distribution of NC cells through the RS, including cells in the DRG anlage, the ventral root (VR), and sympathetic ganglion (SG). Note that the paranotochordal area is totally free of NC cells as well as the dermomyotome and myotome and the subectodermal space. (H) Somite level 25 of a 37-somite-stage antibody-injected embryo. (I) Somite level 21 of a 37-somite-stage antibody-injected embryo. In both (H) and (I), NC cells are scattered throughout the entire sclerotome, including the paranotochordal region (arrows), showing no spatial restriction to otherwise permissive sites (compare with [G]). Although injections were made unilaterally, bilateral phenotypes were very often observed. (J-M) Frontal sections through the trunk of 35-somite-stage control embryos (J and L) and antibody-treated embryos (K and M). (J) and (K) illustrate a dorsal level corresponding to the presence of DRG, showing in (J), segmentally organized ganglia and in (K), the presence of enlarged DRG extending to both somite halves (between arrows). (L) and (M) illustrate a ventral level, with NC cells adjacent to the notochord (NO). Note in (L) the segmental restriction of NC cells to the RS (between open arrowheads). In contrast, in (M), NC cells are also observed within the CS (black arrowheads). Compare as well the ordered arrangement of the cells in (L) with the disoriented disposition seen in (M
beginning ., 1987) , F-spondin is absent from this pathspects. At the epithelial stage, the rostralmost 9-11 somites exhibit a strong and even pattern of mRNA distriway (see Figure 3A) . Decoration of the ECM with F-spondin between neural tube and mesoderm in the bution, whereas somites that segment subsequently along the axis reveal a higher intensity of expression RS halves only begins at a later stage, when no NC cells migrate there any longer (see Figures 2C and 4A) . By toward their CS domains. The high level of transcript contrast, within the inhibitory CS halves, F-spondin is flattening of seeded NC cells, which would remain round on control CS substrates, suggesting that in culture, CSexpressed adjacent to the neural tube from early somitogenesis onward (see Figure 3) . derived F-spondin affects parameters related to NC cell dispersal. Consistent with the in vitro data, F-spondin A similar reciprocity is observed in the subectodermal pathway. F-spondin is present in the epithelial dermoneutralization in vivo also had significant effects in the CS domains both on DRG and nerve segmentation. myotome and in the subectodermal ECM at a time when no NC cells advance through this path (Figure 2) . FurHowever, our results indicate that the release from inhibition to NC migration observed in the CS halves was thermore, it is no longer expressed there when the dermomyotome dissociates into dermis and NC cells begin partial, suggesting that under the conditions of our experiment, not all of the F-spondin protein might have their lateral migration (our unpublished data). Consistent with an inhibitory role for this protein along this route, we been inactivated in this region, which contains the highest levels of protein.
In support of such a possibility, have found that F-spondin neutralization is compatible with a precocious migration of some NC cells along this we have noticed that high-antibody concentrations had effects both in the RS and CS (this paper), whereas a way (Figure 7) . The latter change in F-spondin expression resembles that of chondroitin-6-sulfate immunore-10-fold lower concentration mainly affected migration into the RS domains (our unpublished data). An alternaactivity and peanut agglutinin binding activity ( 
